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growth-restricted infants (4, 13, 16, 38) . Biological immaturity due to young maternal age and continued maternal growth have been implicated as causal factors of teenagers' susceptibility (12-14, 40, 45) . In support of this, growing adolescent sheep delivered growth-restricted offspring (51) . Importantly, a pivotal role for the placenta was defined in causing fetal growth restriction (FGR), as impaired placental development resulted in reduced placental weight and nutrient transfer to the fetus in growing sheep (52, 53) .
However, not all studies of pregnant human teenagers have observed the same trends in pregnancy outcome (3, 27, 49) . Indeed, our recent prospective study of 500 pregnant teenagers in the UK demonstrated that maternal growth was not detrimental to fetal growth in teenage pregnancies (29) . In this study, the About Teenage Eating (ATE) study, growing teenagers were not at a greater risk of SGA birth; instead, they delivered infants with higher average birth weight and were more likely to deliver LGA infants than nongrowing teenagers. Nongrowing teenagers had an almost twofold increase in the incidence of SGA infants compared with that expected in adult pregnancies. The differences between the ATE study and previously published studies were attributed to our use of customized birth weight centiles in conjunction with a more accurate assessment of maternal growth (14, 45, 46) . Furthermore, there were significant differences in the demographic and biophysical profiles of the study groups; the ATE study participants were predominantly Caucasian, primiparous 17-18 year olds, reflecting the majority of the contemporary pregnant teenage population (2) .
Detailed morphometric analyses were used to assess the impact of maternal age and growth status on the growth and development of placentas collected from a subset of growing and nongrowing teenagers in the ATE study (22) . Unexpectedly, young maternal age and continued growth during pregnancy had no major effect on placental weight, morphometry, or cell turnover and thus did not explain the susceptibility of teenagers to SGA birth nor the differences in pregnancy outcome between growing and nongrowing teenagers. However, growing teenagers had significantly higher birth weight:placental weight ratios compared with nongrowing teenagers, suggesting that growing teenagers have placentas that are more efficient. One possible explanation is that maternal growth promotes placental function, particularly nutrient transfer. However, placental nutrient transfer has not been investigated in human teenage pregnancies.
Normal fetal growth is dependent on an adequate supply of amino acids, which provide 20 -40% of the fetus' energy and biosynthetic requirements (10) . One of the best-characterized placental amino acid transporters is system A, a Na ϩ -dependent transporter, which comprises three different transporter proteins: SNAT1, -2, and -4, encoded by SLC38A1, -2, and -4 genes (23) . System A actively transfers small side-chain neutral amino acids, e.g., alanine and glycine, and the nonmetabolizable, synthetic methylaminoisobutyric acid (MeAIB) (5) . There is substantial evidence that placental system A activity is important for normal fetal growth. Reduced system A activity has been consistently demonstrated in placentas of human pregnancies complicated by SGA or FGR (17, 21, 34) , with the degree of reduction corresponding to the severity of the FGR (17) . Interestingly, lower maternal prepregnancy upper arm muscle area has recently been shown to be associated with lower placental system A activity at term (33) . This suggests that there is a relationship between maternal body composition and the activity of this amino acid transporter and provides further evidence for regulation of placental transport by the maternal endocrine/metabolic environment.
We hypothesized that placental amino acid transport activity is reduced in teenage compared with adult pregnancies, and, on the basis of the higher birth weight:placental weight ratio, growing teenagers will have higher placental amino acid transport than nongrowing teenagers. To test this hypothesis, the aims of our study were to investigate whether 1) placental transport is affected by maternal age, by comparing placental system A activity between pregnant teenagers and adults; 2) placental system A activity is influenced by maternal growth in teenage pregnancy; and 3) confounding variables contribute to effects observed in the first two aims.
METHODS
Ethical information. This study was approved by the Central Manchester Research Ethics Committee (03/CM/32). Written informed consent was obtained from all participants. All participants were assessed for Gillick competency, a method used to determine whether a child/young person has the ability to understand and consent to the treatment/research study being proposed.
Participants and placental collection. Placentas were collected following delivery (31 spontaneous vaginal deliveries and 2 Caesarean sections) from a subset of pregnant teenagers (15-18 yr, n ϭ 33) participating in the ATE study (PIs Profs. P. N. Baker and L. Poston) (2, 29) . Only teenagers with singleton pregnancies were recruited to the study; teenagers were excluded if they had preexisting medical or obstetric disorders, multiple gestations, or a history of three or more previous miscarriages. Through the ATE study, detailed sociodemographic and anthropometric data, including the assessment of maternal skeletal growth by a change in knee height during pregnancy, were obtained at two antenatal visits between 10 and 20 wk and 27 and 36 wk gestation. Growth data were normalized for a 90-day period between the two visits. Growing teenagers were defined as those with a gain in knee height of Ն2 mm/90 days, a threshold based on measurements obtained from a nongrowing pregnant adult population as described in our previous publication (29) . Maternal height and weight were measured and used to calculate the body mass index (BMI) at booking. Teenagers were subdivided into underweight (BMI Ͻ18.5), normal weight (18.5-24.9) , overweight (25-29.9) , and obese (Ն30). Data from teenagers were recorded by research midwives onto a secure internet-based database (MedSciNet, Stockholm, Sweden).
To make accurate comparisons between study groups, pregnancies were also subdivided into those with SGA, appropriate-for-gestational-age (AGA), and large-for-gestational-age (LGA) births based on individualized birth weight centiles (IBC) calculated with Centile Calculator Bulk 6.2.2 (www.gestation.net). This adjusts infant birth weight for infant gender, gestational age, and maternal constitutional factors, i.e., height, weight, ethnicity, and parity, therefore providing a more accurate assessment of infant birth weight (15) . SGA infants were defined as below the 10th centile, AGA between the 10th and 90th centile, and LGA above the 90th centile. There were no cases of preeclampsia reported in this population of teenagers.
Placentas were also obtained from a cohort of adults (20 -39 yr, n ϭ 19), attending the same hospital during the same period, to serve as a control group. The same exclusion criteria were applied as for teenage pregnancies. Placentas from adults delivering SGA infants were positively selected to ensure adequate comparison with the teenage cohort.
Placental sampling and processing. Placentas were collected within 30 -60 min of delivery, and all experiments on fresh tissue were completed within 4 h of delivery. From each placenta, four samples of villous tissue (2-3 cm 3 ) were dissected by selective random sampling. Each sample was rinsed in phosphate-buffered saline (PBS; GIBCO, Invitrogen, Paisley, UK) and then subdivided for immunohistochemical (fixed and paraffin embedded), molecular (treated with RNA Later; Ambion, Applied Biosciences, Huntingdon, UK), and nutrient transport analyses [collected in DMEM, containing 1 g/l glucose (GIBCO, Invitrogen)/Tyrode's buffer solution (ratio 1:1)] (24).
Analysis of placental system A activity. The activity of the system A transporter was used as a marker of placental function and was measured in placentas collected from 33 teenagers and 19 adults. Maternal growth data were collected from 15 of these teenagers, who were subdivided into growing (n ϭ 6) and nongrowing (n ϭ 9) cohorts; the remainder failed to attend a second visit. Teenagers were also grouped into those with AGA (n ϭ 26), SGA (n ϭ 6), and LGA (n ϭ 1) births. Of the 19 adults, there were 12 AGA, 6 SGA, and 1
LGA births. Power calculations based on previously reported differences in system A activity between placentas of AGA and SGA/FGR pregnancies (34, 47) determined that samples sizes of four to six were required to show a similar difference (50 -60%) in system A activity at 90% power at the 5% significance level. For this reason, placentas from LGA pregnancies were excluded from the analyses. The demographic and biophysical profile of study participants assessed for placental system A activity is shown in Table 1 .
System A activity was quantified using the placental villous fragment method (19, 24) . In brief, individual villous fragments were secured with cotton thread to each of three hooks supported on a Perspex comb (Stopford Workshop, Manchester, UK), enabling measurements to be made in triplicate. Fragments were immersed in DMEM-Tyrode's buffer solution (1:1) to preequilibrate for 20 min at 37°C. One set of triplicates was prewashed for 2 min in control Tyrode's (containing Na ϩ ) and the other set in Na ϩ -free Tyrode's (containing choline chloride in place of NaCl), immediately prior to incubation with tracer concentrations of the system A-specific substrate [
14 C]MeAIB (0.5 Ci/ml, 8.5-9.9 M; PerkinElmer Life and Analytical Sciences, Boston, MA) for 10, 20, and 30 min in either control or Na ϩ -free Tyrode's. Fragment uptake was stopped by vigorously washing the tissue in ice-cold Tyrode's buffer (control or Na ϩ -free as appropriate). The tissue was lysed in dH2O for 18 h at room temperature to release the [ 14 C]MeAIB accumulated during the experiment. Scintillation fluid was added to each water lysate and counted for 5 min using a Tri-Carb 2100 TR Liquid Scintillation Analyzer (Packard Bioscience, Berkshire, UK). Villous fragments were transferred to 0.3 M NaOH and incubated at 37°C for 18 h until fully lysed. The protein content of each fragment was determined using a Bio-Rad protein assay (Bio-Rad Laboratories, Hertfordshire, UK). ϩ -dependent accumulation of [ 14 C]MeAIB was measured to represent system A activity in the microvillous membrane of the syncytiotrophoblast, by subtraction of uptake in Na ϩ -free conditions from that in control Tyrode's buffer. The mean system A activity was plotted against time.
Placental gene expression of system A transporters. Power calculations based on previous studies (48) indicated that a greater number of samples was required for molecular analyses (7 per group required to show a difference of 20% at 80% power at the 5% significance level); thus, samples in which placental system A activity was measured were supplemented with 18 samples collected as part of the ATE study. Placental mRNA expression of system A isoforms SLC38A1, -2 and -4 was assessed in 28 teenagers participating in the ATE study and 10 adults, using real-time reverse transcriptasequantitative polymerase chain reaction (RT-qPCR). Maternal growth data were collected from 26 of the 28 teenagers, who were subdivided into 13 growing and 13 nongrowing. Of the 28 teenagers, 9 delivered SGA, 14 AGA, and 5 LGA infants. The adult cohort included 5 AGA and 5 SGA pregnancies. There were no differences in the demographic and biophysical profiles of study participants assessed for placental mRNA expression and those used for the transport studies.
Reverse transcription (RT) was performed on all RNA samples in duplicate using the AffintyScript Multiple Temperature cDNA Synthesis Kit (Agilent Technologies, Wokingham, UK) according to the manufacturer's instructions. Human reference RNAs (total human reference, human placenta and human liver; Agilent) were reverse transcribed to produce standards. Duplicate cDNA samples were diluted 1:10 and assessed by qPCR for TATA box binding protein (TBP) to verify the reproducibility of the RT reaction and were pooled if percent coefficient of variance was Ͻ15%. The pooled samples were used for subsequent qPCR reactions to amplify SLC38A1, -2, and -4 and TBP genes.
cDNA samples were diluted 1:10 using a mastermix containing Brilliant SYBR Green Master Mix (Agilent), reference dye ROX, and specific primer pairs. The SLC38A1 (5=-GTGTATGCTTTACCCAC-CATTGC-3= and 3=-GCACGTTGTCATAGAATGTCAAGT-5=), SLC38A2 (5=ACGAAACAATAAACACCACCTTAA-3= and 3=-AGATCAGAATTGGCACAGCATA-5=), SLC38A4 (5=-TTGCCGC-CCTCTTTGGTTAC-3= and 3=-GAGGACAATGGGCACAGTTAGT-5=), and TBP (5=-CACGAACCACGGCACTGATT-3= and 3=-TTTTCT-TGCTGCCAGTCTGGAC-5=) primers were purchased from Invitrogen and have been used previously (8, 31) . Standards were serially diluted and included in every run together with human placental reference RNA (1:10) as a quality control (QC). All standards, samples, and QCs were pipetted in duplicate, and qPCR runs were repeated using an MX3005P thermal cycler for initial denaturation for 10 min at 95°C, 40 cycles of 30 s denaturation at 95°C, annealing at a primer-specific temperature (58°C for SLC38A1, -2 and -4 and 60°C for TBP) for 1 min, and 1 min amplification/extension at 72°C. Endpoint fluorescence values were measured at the end of each annealing and amplification stage of each cycle. Values for unknown samples were extrapolated from the standard curve (human reference, human placental reference, or human liver reference). Melting curve analysis data were recorded and analyzed using MxProMx3005P QPCR Software (Agilent). Average values were calculated for sample duplicates on the same plate, and mean expression values were calculated from the average of both qPCR runs. Expression levels were presented as ratios of the QC to minimize the variability between each RT-qPCR reaction and were normalized to the housekeeping gene TBP (37) .
Placental protein expression of system A transporters. Immunohistochemistry for SNAT1 and SNAT2 was carried out to assess the expression and distribution of system A isoforms in the placenta by using antibodies that had been optimized previously (9) . In brief, placental tissue sections (5 m) were dewaxed, rehydrated, and microwaved for antigen retrieval in 0.01 M sodium citrate buffer (pH 6.0). Sections were incubated with 3% H 2O2 to quench endogenous peroxidase activity and then with nonimmune block: 10% swine serum (Sigma-Aldrich) and 2% human serum ("in house") in hi-salt TBS containing 0.1% Tween 20 (Bio-Rad Laboratories, Hertfordshire, UK) for 30 min at room temperature. Primary rabbit polyclonal antibodies (SNAT1 or SNAT2, 2 g/ml) were diluted in nonimmune block and applied overnight at 4°C. Negative controls were performed by preabsorption of the primary antibody with a fivefold excess of the appropriate SNAT peptide. Antibody binding was detected by applying biotinylated swine anti-rabbit immunoglobulins (Dako, Ely, UK) followed by avidin-peroxidase (5 g/ml, Sigma). Diaminobenzidine (DAB; SigmaFAST, Sigma-Aldrich) was the chromogen. Tissue sections were counterstained with Harris's hematoxylin (Sigma-Aldrich), dehydrated, and mounted. SNAT1 and SNAT2 staining was assessed on two placental villous tissue sections from 10 teenagers and 5 adults. The teenage cohort comprised 5 growing and 5 nongrowing teenagers, all of whom delivered AGA infants. All adults delivered AGA infants and were included as a control group. A scoring system between 0 and 4 was utilized to allow semiquantitative analysis of SNAT immunostaining intensity in the placental syncytiotrophoblast, vessels, and stroma over the whole tissue section, and the mean value for each tissue compartment was calculated: 0, no staining; 1, minimal/patchy; 2, moderate staining; 3, strong staining; and 4, very strong staining. Two independent scorers were blinded to sample identity.
Statistical analysis. Data were processed for statistical analysis and graphic presentation using GraphPad Prism 5 for Windows. Differences between subject demographic data were detected using 2 , Mann-Whitney U, and Kruskal-Wallis tests. The time course of Na ϩ -dependent [ 14 C]MeAIB accumulation was analyzed by least squares linear regression. Differences in the fragment protein content were assessed using a Mann-Whitney U-test. Placental gene and protein expression were analyzed using Mann-Whitney U and Kruskal-Wallis tests. P Ͻ 0.05 was considered significant. Values are median (and range) unless otherwise stated. Of the 33 teenagers from whom placentas were collected, maternal growth data were collected from 15 teenagers, subdivided into 6 growing and 9 nongrowing. Gynecological age defined as no. of years since menarche. Parous teenagers and adults had only one previous birth. BMI, body mass index; IBC, individual birthweight centile; SGA, small-for-gestational-age; AGA, appropriate-for-gestational-age;
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LGA, large-for-gestational-age. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.0001 teenagers vs. adults; † † †P Ͻ 0.0001 growing vs. nongrowing teenagers.
placental fragments from all participants. To examine the effect of maternal age on placental system A activity, primiparous teenagers and adults were compared. Teenagers had significantly lower placental system A activity than adults (P ϭ 0.016; Fig. 1A) . This difference could not be attributed to differences in the placental fragment protein content or differences in the uptake of [
14 C]MeAIB under Na ϩ -free conditions between the two cohorts (data not shown).
To determine whether lower placental system A activity in teenagers than adults was related to differences in infant birth weight between the two cohorts, activity was examined according to birth weight category. As expected, lower system A activity was measured in placentas from adults delivering SGA compared with AGA infants (P ϭ 0.026; Fig. 1B) . However, no difference was detected in placental system A activity between teenagers delivering AGA and SGA infants (Fig. 1B) . In fact, in teenagers, levels of placental system A activity for both AGA and SGA births were equivalent to those detected for SGA births to adults, and were significantly lower than that of AGA births to adults (P ϭ 0.038; Fig. 1B ). Placental system A activity was not compared in LGA infants delivered to teenagers and adults due to insufficient numbers.
Impact of maternal growth on placental system A activity. The teenage cohort was subdivided into growing and nongrowing cohorts. System A activity was significantly elevated in placentas from growing compared with nongrowing teenagers (P ϭ 0.0002; Fig. 2) . Placentas from the adult cohort were included for comparison. Placentas from growing teenagers exhibited system A activity equivalent to that of placentas from adults. However, system A activity was significantly lower in placentas from nongrowing teenagers compared with adults (P ϭ 0.002). These differences could not be attributed to differences in the placental fragment protein content or differences in the uptake of [ 14 C]MeAIB under Na ϩ -free conditions (data not shown).
Impact of confounding factors on placental variables. Despite our best efforts, there were some differences between the adult and teenage populations studied; hence, further comparisons were made to rule out any effect of potential confounding variables on the reduced placental system A activity in teenagers: 45.2% of teenagers smoked during pregnancy compared with 15.8% of adults; however, placental system A activity was unaffected by maternal smoking status in both teenagers (Fig. 3A) and adults (data not shown). Placental system A activity was also unaffected by infant gender in both cohorts (teenagers: 24 males and 9 females; adults: 7 males and 12 females; data not shown). However, an effect of parity on placental system A was observed in the adult cohort, with significantly lower system A activity in placentas from parous adults (one previous birth) compared with primiparous adults (P ϭ 0.009; Fig. 3B ).
Our previous studies demonstrated that nongrowing teenagers have a lower BMI at booking than growing teenagers (29); hence, we assessed placental system A activity in relation to low maternal BMI. Teenagers who were underweight had lower placental system A activity than normal-weight teenagers (P ϭ 0.017; Fig. 3C ). There were too few overweight and obese teenagers to include in these assessments. In addition, placental system A activity in relation to low maternal BMI in the adult cohort was not examined due to insufficient numbers of underweight adults.
Placental gene expression of placental system A transporters. To explore the potential mechanisms underlying reduced placental transport in teenagers, mRNA expression of the system A transporter isoforms was measured. There was a tendency for Fig. 2 . Impact of maternal growth on placental system A activity. Placental system A activity was significantly elevated in placentas of growing teenagers (n ϭ 6) vs. nongrowing teenagers (n ϭ 9). Nongrowing teenagers had significantly lower placental system A activity vs. adults (n ϭ 19). Placental system A activity was comparable in the growing teenage and adult cohorts. Values are means Ϯ SE. Least squares linear regression: ***P Ͻ 0.001 growing vs. nongrowing; **P Ͻ 0.01 nongrowing vs. adults. Fig. 1 . Impact of maternal age on placental system A activity. A: placental system A activity was significantly lower in placentas of primiparous teenagers (n ϭ 31) vs. primiparous adults (n ϭ 13). B: system A activity was significantly reduced in placentas from adults delivering small-for-gestational-age (SGA) infants (n ϭ 6) vs. appropriate-for-gestational-age (AGA) infants (n ϭ 12). There was no significant difference in system A activity in placentas of AGA (n ϭ 26) and SGA (n ϭ 6) infants delivered to teenagers. Teenagers delivering both AGA and SGA infants had comparable placental system A activity to adults delivering SGA infants and significantly lower activity than AGA infants delivered to adults. Values are means Ϯ SE. Least squares linear regression: *P Ͻ 0.05 AGA vs. SGA in adults; and AGA (Teenagers) and SGA (Teenagers) vs. AGA (Adults).
lower SLC38A placental gene expression in teenage cohorts (growing and nongrowing) compared with adults. This reached significance for SLC38A1 for both growing (P Ͻ 0.05) and nongrowing teenagers (P Ͻ 0.01; Fig. 4A ) and for SLC38A2 for growing teenagers (P Ͻ 0.05; Fig. 4B ). Placental SLC38A4 mRNA expression was not significantly different between groups (Fig. 4C ). There were no differences in placental gene expression between growing and nongrowing teenagers.
In both adult and teenage cohorts, SLC38A1 and -2 mRNA expression was comparable in placentas from AGA and SGA infants (Fig. 5, A-D) . However, SLC38A4 mRNA expression was significantly lower in adults delivering SGA compared with AGA infants (P Ͻ 0.05; Fig. 5E ). SLC38A4 expression was significantly higher in LGA infants compared with SGA and AGA infants in the teenage cohort (P Ͻ 0.05; Fig. 5F ). Placental mRNA expression of SLC38A1 (P Ͻ 0.01), -2 (P Ͻ Fig. 4 . Impact of maternal growth on placental system A transporter mRNA expression. A: SLC38A1. B: SLC38A2. C: SLC38A4. Growing (n ϭ 13) and nongrowing (n ϭ 13) teenagers had significantly lower placental SLC38A1 mRNA expression than adults (n ϭ 10). Growing teenagers had significantly lower placental SLC38A2 mRNA expression than adults. TBP, TATA box binding protein. Box and whisker plots. Kruskal-Wallis test with Dunn's post hoc test: *P Ͻ 0.05, **P Ͻ 0.01. Fig. 3 . Impact of maternal smoking status, parity, and BMI on placental system A activity. A: placental system A activity was unaffected by maternal smoking in teenagers (15 smokers and 17 nonsmokers). B: primiparous adults (n ϭ 13) had significantly higher placental system A activity than parous adults (n ϭ 6). C: impact of maternal BMI at booking on placental system A activity in teenagers (6 underweight and 20 normal weight). Na ϩ -dependent [ 14 C]MeAIB uptake was significantly lower in placentas of underweight teenagers vs. overweight teenagers. Values are means Ϯ SE. Least squares linear regression: *P Ͻ 0.05. 0.05), and -4 (P Ͻ 0.01) was significantly lower in AGA infants delivered to teenagers compared with adults. SGA infants delivered to teenagers had significantly lower placental SLC38A1 expression than adults (P Ͻ 0.05). There was no significant difference between SLC38A2 and -4 mRNA expression between placentas of SGA infants delivered to teenagers and adults. There was no effect of smoking, maternal BMI or infant gender on SLC38A gene expression (data not shown).
Placental protein expression of system A transporters SNAT1 and SNAT2. SNAT1 and -2 immunostaining was extremely variable between placentas. SNAT1 (Fig. 6A ) and -2 ( Fig. 6B) were predominantly localized to the syncytiotrophoblast but were also present in the stroma and in vascular endothelial cells. There was no difference in the distribution or intensity of immunostaining in the syncytiotrophoblast for SNAT1 (Fig. 6D) and -2 (Fig. 6E ) or in the other tissue Fig. 5 . Impact of infant birth weight on placental system A transporter mRNA expression in adults and teenagers: A and B: SLC38A1. C and D: SLC38A2. E and F: SLC38A4. Placentas of SGA infants (n ϭ 5) had significantly lower SLC38A4 mRNA expression than AGA infants (n ϭ 5) delivered to adults. In teenagers, large-for-gestational-age (LGA) infants (n ϭ 5) had significantly higher placental SLC38A4 mRNA expression than those of AGA (n ϭ 14) and SGA (n ϭ 9) infants. AGA infants delivered to teenagers had significantly lower placental mRNA expression of SLC38A1, -2, and -4 than AGA infants delivered to adults. Placentas of SGA infants delivered to teenagers had significantly lower SLC38A1 mRNA expression than SGA infants delivered to adults. Box and whisker plots. Kruskal-Wallis with Dunn's post hoc test: *P Ͻ 0.05 SGA vs. AGA in adults; LGA vs. SGA and AGA in teenagers; ϩP Ͻ 0.05, ϩϩP Ͻ 0.01 AGA (teenagers) vs. AGA (adults); ‡P Ͻ 0.05 SGA (teenagers) vs. SGA (adults). Fig. 6 . Localization of SNAT1 and SNAT2 proteins in teenage and adult placentas. Representative images of SNAT1 (A) and SNAT2 (B) immunostaining and negative control (C). Scale bars, 50 m. Semiquantitative analysis was used to assess SNAT1 (D) and SNAT2 (E) expression in the syncytiotrophoblast of placentas of AGA infants delivered to growing (n ϭ 5) and nongrowing (n ϭ 5) teenagers vs. adults (n ϭ 5). Box and whisker plots. compartments (data not shown) between teenagers and adults or between growing and nongrowing teenagers.
DISCUSSION
Teenagers are more susceptible to delivering SGA infants than adults are, but the predisposing factors and underlying mechanisms remain poorly understood. Studies that eliminated confounding variables (such as ethnicity, marital status, adequate antenatal care, smoking, multiparity, and educational level) by examining cohorts of married, white, nonsmoking teenagers with adequate antenatal care and age-appropriate education confirmed the detrimental effect of young maternal age on outcome (4, 13). These findings suggest that biological susceptibility to SGA is related to young maternal age. These data reported in the present study support this, showing lower system A amino acid transporter activity (a well-characterized biomarker of placental function) in teenagers compared with adults. Furthermore, the growth status of teenagers appears to be a key factor in this association, as growing teenagers have higher system A activity than nongrowing teenagers. These data, and our finding of lower placental system A in underweight teenagers, are consistent with those of Lewis et al. (33) , demonstrating that maternal body composition influences placental system A activity.
To exclude any complicating effects of maternal parity on system A, only placentas from primiparous teenagers and adults were compared. System A activity and SLC38A1 and -2 mRNA expression were significantly lower in placentas from teenagers than those from adults. This relationship for lower placental system A activity in teenage pregnancies was also observed when placentas from AGA infants delivered to teenagers and adults were compared. Together, these data indicate that placental amino acid transport is inherently lower in teenagers, suggesting a potential mechanism for their susceptibility to delivering SGA infants. However, in our study, teenagers being able to produce AGA infants indicate that there must be other mechanisms that compensate for this inherently lower placental system A activity; this may include changes in the activity of other amino acid transporters; however, further research would be required to confirm this hypothesis.
In contrast to previous reports that implicate maternal growth as an underlying causal factor of reduced infant birth weight, our recent findings demonstrate that teenagers who continue growing deliver higher birth weight infants than teenagers who do not grow during pregnancy (29) . These data suggest that growing teenagers have comparable pregnancy outcomes to those of adults, whereas nongrowing teenagers are the more susceptible group for SGA birth. In the current study, we demonstrated that system A amino acid transporter activity is significantly higher in placentas from growing teenagers compared with nongrowing teenagers and is equivalent to that seen in adult pregnancies. This is consistent with our recent finding that birth weight:placental weight ratios are higher in growing teenagers, suggesting increased placental efficiency (22) . These data therefore strengthen and extend our findings that, in the UK contemporary population studied, continued maternal growth in teenage pregnancies is not detrimental to fetal growth.
The significantly higher placental system A activity observed in growing teenagers compared with nongrowing teenagers was independent of alterations in the mRNA or protein expression of SNAT isoforms. Thus, increased system A activity in growing teenagers does not appear to be due to increased transcription or translation of the system A isoforms. Moreover, the higher system A activity in growing teenagers occurs despite lower placental gene expression than in adults and indicates upregulation at the level of activity. This is consistent with previous studies showing disconnection between system A activity and mRNA expression levels (1, 36) . The ATE study demonstrated that growing teenagers had significantly higher plasma concentrations of leptin and IGF-I at 28 -32 wk compared with their nongrowing counterparts (29) . Leptin and IGF-I have been shown previously to stimulate system A activity (24, 30) and thus may play an important role in promoting placental amino acid transfer in growing teenagers. Future studies are required to investigate whether these findings of higher system A transporter activity reflect global changes in the activity of other placental nutrient transporters.
The novel observation of impaired placental system A activity in nongrowing teenagers is in accordance with their susceptibility for delivering SGA infants, as observed in the ATE study (29) . In the ATE study, this was attributed, in part, to nongrowing teenagers having lower nutritional status, as indicated by lower booking BMI, gestational weight gain, red cell folate concentrations, and lower dietary intake of a number of key micronutrients for fetal growth, e.g., iron and calcium. This suggested that the nongrowing cohort encompassed teenagers who were skeletally mature, together with those who could not sustain their own growth due to poor nourishment (29) . The reduced placental amino acid transport in nongrowing teenagers would further impact on fetal nutrient supply. We also found that teenagers who were underweight at booking had lower placental system A activity than those teenagers with normal BMI. These data are in line with observations of lower placental system A activity in undernourished rats (25, 35, 44) and in women with lower upper arm muscle mass (33) , and they further support the hypothesis that low maternal nutritional status contributes to reduced placental nutrient transport.
Interestingly, when underweight teenagers and adults were excluded from the comparisons of primiparous teenagers and adults, and AGA births in teenagers and adults, the difference in placental system A activity between these groups becomes smaller (and the P value increases to 0.06 in both cases; data not shown). This supports the theory that poor nutritional status may be a contributory factor to reduced placental amino acid transport in teenage pregnancies. Nevertheless the influence of maternal age in these comparisons cannot be completely excluded, particularly as pregnant teenagers are susceptible to lower nutritional status and poor dietary quality (2, 32, 39) . This is consistent with pregnant adolescent sheep being more susceptible to nutritional insult that adults (54) .
In the current study, system A activity in placental fragments was significantly lower from SGA infants delivered to adults. This is consistent with studies in which system A activity was assessed using microvillous membrane vesicles isolated from the syncytiotrophoblast (17, 21, 34) . However, system A activity from AGA and SGA births in teenagers was comparable to that measured in placentas from adults delivering SGA infants. This may be a consequence of the relatively small number of SGA births in the teenage cohort examined or the severity of the growth restriction. Within the SGA cohorts, five of the six infants delivered to adults had IBCs (individualized birth weight centiles) Ͻ5th centile compared with two of the six infants delivered to teenagers, indicating that the infants were less severely growth restricted in the teenage cohort. Our data are consistent with previous studies that showed that placental system A activity is associated with the severity of the FGR (17) .
There was no difference in placental mRNA expression of SLC38A1 or -2 in women who delivered SGA infants compared with those who had normal pregnancies. This is consistent with observations by Malina et al. (36) , who found no difference in placental mRNA expression of SLC38A1 and -2 in women delivering SGA infants compared with those with normal pregnancies, indicating that the reduced system A activity is not caused by reduced transcription of transporter isoforms (36) . However, in adults, placentas of SGA infants had significantly lower SLC38A4 mRNA expression than AGA infants, consistent with reduced placental system A activity in SGA infants. SNAT4 may therefore have an important role to play in placental system A activity. Studies of the P0 knockout mouse, which resulted in lower placental weight and FGR, provided evidence that SLC38A4 is important in fetal growth, as changes in expression closely match the changes in placental system A activity (7) . Additionally, gene ablation of SLC38A4 in mice has been associated with FGR (9) . In human pregnancies, the relative contribution of each SNAT isoform to system A activity is unknown. However, recent studies have suggested that SNAT4 may contribute more to system A activity in early pregnancy than in late pregnancy, when SNAT1 and -2 appear more important (9) . Interestingly, teenagers delivering LGA infants had significantly higher placental mRNA expression of SLC38A4 than those delivering AGA and SGA infants. Previous studies have shown that fetal overgrowth in mice, induced by a high-fat diet, is associated with an increased transplacental transfer of amino acids (28) . However, system A activity is unaffected in microvillous membrane vesicles isolated from placentas of human LGA pregnancies compared with those isolated from normal pregnancies (26) .
There were significant differences in the incidence of maternal smoking between the adults and teenagers studied. To ensure that this potential influencing factor was not the cause of reduced placental system A activity in teenagers, we subdivided the participants for comparison. In contrast to previous in vitro studies showing placental amino acid transport to be reduced by nicotine (42, 43), we found that system A activity and gene expression was unaffected by smoking in both teenagers and adults. The previous studies had used the placental perfusion model and placental tissue slices to observe the isolated effects of nicotine on system A activity at concentrations higher (potentially up to 10-fold) than those expected in vivo (6, 43) . The majority of our teenagers reported smoking fewer than 10 cigarettes a day, which was supported by cotinine concentrations measured by the ATE study (2) . In addition, cigarette smoke contains over 4,000 components other than nicotine, which may differentially affect placental development and function (11) .
Parity is a potential confounding factor on pregnancy outcome, and, unexpectedly, in the current study, parous adults had significantly lower placental system A activity than primiparous adults. This is contrary to published observations in a larger cohort of pregnant women showing that parity does not affect placental system A activity (33) and is likely to be a reflection of two of the six parous adults delivering SGA infants. Alternatively, lower system A activity in parous women may be related to more successful transformation of uterine spiral arteries in second pregnancies, as these vessels fail to return to their prepregnant state (18, 20) . The resultant increase in maternal perfusion of the placenta and nutrient supply may thus mean that a lower rate of system A activity is sufficient to achieve adequate nutrient transfer and optimal fetal growth. This highlights the importance of collecting demographic data and information of obstetric history when recruiting patients for studies of placental development and function.
In summary, this study supports the hypothesis that placental nutrient transporter activity is affected by young maternal age and growth status and confirms and extends our observations that maternal growth in teenage pregnancies is not detrimental to fetal growth. The opposite seems to be true; lack of growth in teenagers, potentially due to poor nutritional status, can impact placental function and increase the risk of SGA birth.
